Distant tumor metastasis frequently occurs in cancer patients and is responsible for more than 90% of cancer-related deaths. Metastasis is sequentially regulated at multiple steps[@b1]. Cancer cells acquire an invasive phenotype in the first phase of the metastatic cascade through the so-called epithelial to mesenchymal transition (EMT)[@b2][@b3], locally invade blood vessels by degrading the extracellular matrix (ECM)[@b4], internalize into the microvasculature of the lymph and blood systems (known as intravasation)[@b4], and then translocate to distant organs through the circulation[@b5]. In the second phase, cancer cells are recruited to the so-called premetastatic niche in foreign tissues[@b6][@b7][@b8], extravasate from the bloodstream[@b4], adapt to the microenvironments of distant tissues, actively proliferate, and eventually form macroscopic secondary tumors (known as colonization)[@b1]. Accumulating evidence has revealed that cancer cells in the hypoxic regions of primary tumors acquire the ability to facilitate both the first phase of the metastatic cascade and formation of the premetastatic niche in distant tissues by activating hypoxia-inducible factor 1 (HIF-1)[@b3][@b6][@b7][@b8].

HIF-1 is a heterodimeric transcription factor composed of an α-subunit (HIF-1α) and β-subunit (HIF-1β)[@b9]. The expression of HIF-1α is mainly regulated at the posttranslational level in an oxygen-dependent manner, and is largely responsible for the regulation of HIF-1 activity[@b10]. A previous study showed that proline residues in the oxygen-dependent degradation domain of HIF-1α, P402, and P564, were hydroxylated under normoxic conditions in oxygen-, Fe^2+^-, and α-ketoglutarate-dependent manners[@b11]. This hydroxylation was showed to trigger the ubiquitination and subsequent proteolysis of HIF-1α by E3 ubiquitin-protein ligases containing the von Hippel-Lindau tumor suppressor protein (pVHL) and 26S proteasome, respectively[@b11]. On the other hand, the rate at which proline residues are hydroxylated is known to decrease under hypoxic conditions, resulting in a reduced rate of ubiquitination and degradation[@b11]. In addition, ROS-mediated decreases in intracellular Fe^2+^ levels through its oxidization to Fe^3+^ have been also shown to increase the stability of HIF-1α, even under normoxic conditions. Stabilized HIF-1α interacts with the constitutively expressed HIF-1β protein, binds to its cognate enhancer sequence, hypoxia-response element (HRE)[@b12][@b13], and induces the expression of more than 800 genes. Some of the HIF-1 downstream genes have been reported to play roles in improving oxygen availability (angiogenesis)[@b14][@b15][@b16], shifting glucose metabolism from mitochondrial oxidative phosphorylation to anaerobic glycolysis and lactic acid fermentation (metabolic reprogramming)[@b17], and tumor recurrence after radiation therapy[@b18][@b19][@b20][@b21][@b22]. Recent studies have also demonstrated that HIF-1 plays critical roles in the first phase of the metastatic cascade[@b3][@b6][@b7][@b8]. On the other hand, little is known about the involvement of HIF-1 in the second phase of the metastatic cascade, especially in the colonization of metastatic cancers in distant tissues.

In the present study, we demonstrated the importance of HIF-1-mediated metabolic reprogramming in the pulmonary colonization of metastatic cancers. HIF-1 activity was transiently upregulated in ROS-dependent and hypoxia-independent manners in metastatic cancer cells several days after their recruitment to the lungs. Active HIF-1 induced the reprogramming of glucose metabolism from oxidative phosphorylation to anaerobic glycolysis, leading to a decrease in cytotoxic ROS levels, which subsequently contributed to both the survival of metastatic cancer cells and eventual formation of metastatic tumors in the lungs.

Results
=======

Transient upregulation of HIF-1 activity during the metastatic colonization of cancers in the lungs
---------------------------------------------------------------------------------------------------

We used a mouse model of pulmonary metastases, in which a suspension of cancer cells was intravenously injected into athymic nude mice, to analyze the function of HIF-1 in the metastatic colonization of cancers in the lungs ([Supplementary Fig. S1,S2](#s1){ref-type="supplementary-material"}). We then developed a novel strategy to quantitatively analyze changes in HIF-1 activity during metastatic colonization, which enabled us to simultaneously monitor both the volume of and HIF-1 activity in metastatic tumors in the lungs without sacrificing mice.

We first established a stable transfectant of the murine mammary carcinoma cell line, EMT6 with a plasmid that constitutively expressed *Cypridina* luciferase (CLuc) from the cytomegalovirus (CMV) promoter (EMT6/CMVp-CLuc herein). Because the CLuc protein was previously reported to be secreted from mammalian cells after its translation, we expected that the metastatic tumor volume in the lungs could be quantified as CLuc activity in the serum. After seeding EMT6/CMVp-CLuc cells *in vitro*, we detected specific CLuc activity in the culture medium ([Fig. 1a](#f1){ref-type="fig"}). CLuc activity was positively correlated with the number of EMT6/CMVp-CLuc cells seeded in each culture dish ([Fig. 1b](#f1){ref-type="fig"}; R^2^ = 0.9421). After the subcutaneous transplantation of EMT6/CMVp-CLuc cells into the right hind legs of athymic nude mice, CLuc activity in the serum gradually increased over time as the xenografted tumor grew ([Fig. 1c,d](#f1){ref-type="fig"}). CLuc activity was positively correlated with xenografted tumor volume, which was measured with calipers ([Fig. 1e](#f1){ref-type="fig"}; R^2^ = 0.8072). CLuc activity in the serum was positively correlated with the number of metastatic colonies in the lungs after the i.v. transplantation of EMT6/CMVp-CLuc ([Fig. 1f](#f1){ref-type="fig"}; R^2^ = 0.8431). Moreover, metastatic tumors were only detected in the lungs after the i.v. transplantation of EMT6 derivatives constitutively expressing *firefly* luciferase, which indicated that no tumors other than pulmonary metastases grew after the transplantation ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). These results indicated that EMT6/CMVp-CLuc cells can be used to quantitatively monitor increases in metastatic tumor volume as CLuc activity in the serum in the mouse model of pulmonary metastases.

To simultaneously monitor changes in intratumoral HIF-1 activity in the animal model, EMT6/CMVp-CLuc cells were then subjected to additional stable transfection with the *5HREp-luc* reporter gene, which expressed the *firefly* luciferase protein (FLuc) under the control of a HIF-1-dependent 5HRE promoter (5HREp). The resultant EMT6/CMVp-CLuc/5HREp-FLuc cells specifically expressed *firefly* luciferase bioluminescence under hypoxic conditions *in vitro* ([Fig. 1g](#f1){ref-type="fig"}); therefore, these cells were useful in an optical *in vivo* imaging experiment for HIF-1 activity, as reported previously[@b23].

Athymic nude mice were intravenously injected with EMT6/CMVp-CLuc/5HREp-FLuc cells to analyze changes in HIF-1 activity per unit of tumor volume during the metastatic colonization of cancers in the lungs. Optical *in vivo* imaging revealed a gradual increase in HIF-1 activity in lung metastases after the transplantation ([Supplementary Fig. S4a](#s1){ref-type="supplementary-material"}). On the other hand, an *in vivo* CLuc assay revealed the marked acceleration in the growth of pulmonary metastases from 6 to 7 days after the transplantation ([Supplementary Fig. S4b](#s1){ref-type="supplementary-material"}). Collectively, HIF-1 activity per unit of metastatic tumor volume, which was calculated as the ratio of HIF-1 activity to CLuc activity in the serum, peaked approximately 6 days after the transplantation and subsequently decreased thereafter. ([Fig. 1h](#f1){ref-type="fig"}).

ROS-mediated transient activation of HIF-1 during metastatic colonization of cancers in the lungs
-------------------------------------------------------------------------------------------------

We next investigated the mechanism underlying the transient upregulation of HIF-1 activity in the mouse model of pulmonary metastasis. HIF-1 activity is known to be mainly regulated through oxygen-dependent modifications in the HIF-1α subunit, such as PHDs-VHL-mediated proteolysis and the FIH-1-mediated inhibition of transactivating activity; therefore, we first examined the status of tumor hypoxia during pulmonary metastases after an intravenous injection of cancer cells. Lungs with metastatic tumors were surgically excised 90 minutes after an intraperitoneal injection of the hypoxia marker, pimonidazole, 5, 6, and 7 days after the i.v. transplantation of the tumor cell suspension. Immunohistochemical analyses with anti-pimonidazole and anti-CD31 antibodies demonstrated that there was no detectable hypoxic region, and also that metastatic colonies were adequately oxygenated over time because of a well-organized vascular network ([Fig. 2a](#f2){ref-type="fig"}).

We examined the involvement of ROS in the activation of HIF-1 because ROS were previously shown to oxidize Fe^2+^ to Fe^3+^, decrease intracellular Fe^2+^ levels, and induce HIF-1 activity, even under normoxic conditions, because Fe^2+^ is essential for the prolyl hydroxylation of HIF-1α by PHDs. We first analyzed changes in ROS levels in the mouse model of pulmonary metastases. Methacarn-fixed paraffin-embedded sections of lungs with metastatic tumors were subjected to immunohistochemical staining to detect protein carbonyls as the typical markers of oxidative stress[@b24] because ROS have been shown to oxidize arbitrary proteins and generate protein carbonyls[@b25][@b26]. The staining experiment for protein carbonyls revealed high levels of ROS in metastatic colonies concomitant with the peak in HIF-1 activity per unit of tumor volume 6 days after the i.v. transplantation of cancer cells (*compare* [Fig. 2b](#f2){ref-type="fig"} upper to [Fig. 1h](#f1){ref-type="fig"}). In addition, immunohistochemical analysis for phospho-p38 as a marker of the cellular response to oxidative stress[@b27][@b28][@b29] also showed that intratumoral ROS levels peaked on day 6 and decreased the following day ([Fig. 2b](#f2){ref-type="fig"} lower). Because previous studies have clearly demonstrated that reoxygenation causes ROS[@b30][@b31][@b32], these results led to the following hypothesis; circulating cancer cells, which were under relatively low oxygen conditions in the peripheral blood, were exposed to a well-oxygenated environment after recruitment to the lungs, and that such a change in the surrounding oxygen status increased ROS levels, resulting in the activation of HIF-1. This was supported by the results of *in vitro* experiments in which the reoxygenation of cells from 3%, which is equivalent to the partial oxygen pressure (pO~2~) of peripheral blood (pO~2~ = 20--30 mmHg), to 15%, equivalent to that of the lungs (pO~2~ = approximately 100 mmHg), caused the production of ROS ([Fig. 2c,d](#f2){ref-type="fig"}) and induced HIF-1 activity ([Fig. 2e](#f2){ref-type="fig"}) in a NAC-sensitive manner.

To determine the importance of ROS in the transient activation of HIF-1 in metastatic tumors *in vivo*, we treated mice with NAC and performed both the optical imaging experiment and *in vivo* CLuc assay 6 days after the i.v. transplantation of EMT6/CMVp-CLuc/5HREp-FLuc cells. Although the tumor-suppressing effect of NAC was not observed in the *in vivo* CLuc assay ([Fig. 2f](#f2){ref-type="fig"}), its HIF-1-blocking activity was detected at this time point ([Fig. 2g](#f2){ref-type="fig"}); collectively, these results demonstrated that the NAC treatment significantly suppressed the transient increase in HIF-1 activity per unit of tumor volume 6 days after the transplantation ([Fig. 2h](#f2){ref-type="fig"}). Taken together, these results indicate that increased level of intracellular ROS in well-oxygenated conditions, but not hypoxia, was a causative factor of the transient upregulation of HIF-1 activity during the metastatic colonization of cancers in the lungs.

HIF-1-mediated metabolic reprogramming during metastatic colonization of cancers in the lungs
---------------------------------------------------------------------------------------------

We investigated the function of the ROS-mediated activation of HIF-1 during the metastatic colonization of cancers. HIF-1 is known to induce metabolic reprogramming from oxidative phosphorylation to anaerobic glycolysis and lactic acid fermentation by inducing numerous genes, such as lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase 1 (PDK1). This reprogramming is reported to be important for cancer cells not only to earn more ATP, but also to reduce cytotoxic ROS levels by decreasing the activity and mass of mitochondria. Based on these findings, we hypothesized that the transient activation of HIF-1 may have induced metabolic reprogramming to decrease intracellular ROS levels for the survival of metastatic cancer cells. To examine this possibility, we first investigated whether transient upregulation induced metabolic reprogramming. We surgically excised lungs with metastatic tumors 5 and 6 days after the i.v. transplantation of tumor cells and performed immunohistochemical analyses against the markers of metabolic reprogramming, LDHA and the phosphorylated form of PDH-E1α. The staining experiments demonstrated that the expression of LDHA, which catalyzes lactic acid fermentation, was higher 6 days after than 5 days after the transplantation, which indicated the induction of the final step of anaerobic glycolysis ([Fig. 3a](#f3){ref-type="fig"}). We also revealed that the phosphorylation of PDH-E1α was induced at the same time point ([Fig. 3a](#f3){ref-type="fig"}). Because phosphorylated PDH-E1α is an inactive form that loses its ability to convert cytosolic pyruvate to acetyl-CoA, an increase in phosphorylation indicates a restriction in the supply of acetyl-CoA to the Krebs cycle. These results were consistent with our expectation that glucose metabolism shifted to anaerobic glycolysis and lactic acid fermentation at this time point. We then treated mice with the antioxidant, NAC and HIF-1 inhibitor, YC-1 to establish whether the ROS-mediated transient activation of HIF-1 was responsible for metabolic reprogramming. The NAC treatment, which significantly inhibited the ROS-mediated activation of HIF-1 *in vivo* ([Fig. 2h](#f2){ref-type="fig"}), almost completely suppressed the induction of LDHA and phosphorylation of PDH-E1α, which indicated the critical role of ROS in metabolic reprogramming on day 6 ([Fig. 3a](#f3){ref-type="fig"}). The YC-1 treatment, which exhibited no significant tumor-suppressing effect ([Fig. 3b](#f3){ref-type="fig"}) but inhibited the induction of HIF-1 activity per unit of tumor volume on day 6 ([Fig. 3c,d](#f3){ref-type="fig"}), also abrogated reprogramming ([Fig. 3a](#f3){ref-type="fig"}). These results clearly demonstrated that the ROS-mediated activation of HIF-1 directly induced metabolic reprogramming from oxidative phosphorylation to both anaerobic glycolysis and lactic acid fermentation during the metastatic colonization of cancer in the lungs.

HIF-1-mediated metabolic reprogramming reduced ROS levels and increased the survival of metastatic cancers
----------------------------------------------------------------------------------------------------------

We next investigated whether HIF-1-mediated metabolic reprogramming led to a decrease in ROS levels during tumor metastasis to the lungs. Lungs with metastatic tumors were surgically excised 7 days after the i.v. transplantation of cancer cells, which was 1 day after the peak in HIF-1 activity, and were subjected to immunohistochemical analyses for protein carbonyls and phospho-p38 as markers of ROS and oxidative stress. Although ROS levels was confirmed to be markedly decreased on day 7 ([Fig. 2b](#f2){ref-type="fig"},[4a](#f4){ref-type="fig"}: DMSO), the YC-1 treatment cancelled this decrease ([Fig. 4a](#f4){ref-type="fig"}: right). These results indicated that HIF-1-mediated metabolic reprogramming functioned to clear cytosolic ROS.

To directly test the involvement of the HIF-1-mediated reduction of ROS levels in the survival of metastatic cancer cells in the lungs, the HIF-1 inhibitor, YC-1 was administered to the mouse model of pulmonary metastases. The *in vivo* CLuc assay confirmed that the YC-1 treatment from day 3 to day 6 did not suppress the progression of metastatic tumors in the lungs until 6 days after the i.v. transplantation of cancer cells, as demonstrated above ([Fig. 3b](#f3){ref-type="fig"}). However, its HIF-1-blocking effect, which was detected on day 6 ([Fig. 3c,d](#f3){ref-type="fig"}), eventually led to a significant reduction in both tumor volume (CLuc activity in the serum; [Fig. 4b](#f4){ref-type="fig"}) and the number of metastatic colonies in the lungs ([Fig. 4c,d](#f4){ref-type="fig"}) on day 10. Taken together, these results support a model in which cancer cells obtain high HIF-1 activity in response to oxidative stimuli, reduce ROS levels, and survive severe microenvironments during metastatic colonization in the lungs.

Discussion
==========

In the present study, we revealed that HIF-1, in response to elevated ROS levels, mediated the shift in oxidative phosphorylation to anaerobic glycolysis to decrease ROS levels, and eventually increased the survival of cancer cells during the metastatic colonization of cancers in the lungs. Although both metabolic reprogramming and metastatic colonization are known to be under the control of HIF-1, their molecular mechanisms and functions have so far been discussed separately. Therefore, this is the first study to demonstrate the functional relationship between metabolic reprogramming and metastatic colonization.

Although we demonstrated the importance of the HIF-1-mediated clearance of ROS in the survival of cancer cells during metastatic colonization, we cannot exclude the possibility that another HIF-1-dependent mechanism may also have supported survival. For example, cancer cells may be able to produce more ATP through metabolic reprogramming and survive severe conditions during metastatic colonization. This should be examined in future studies.

In addition to previous studies reporting the involvement of HIF-1 in the first phase of distant tumor metastasis, we demonstrated the critical function of HIF-1 in the second phase. This study further justified targeting HIF-1 to inhibit distant tumor metastasis.

Methods
=======

Cell culture
------------

The mouse mammary carcinoma cell line (EMT6) was purchased from the American Type Culture Collection, and maintained in 10% FBS-Dulbecco\'s modified Eagle\'s medium. Cells were incubated in a well-humidified incubator with 5% CO~2~ and 95% air at 37°C for normoxic incubation. Cells were incubated in the Bactron Anaerobic Chamber, BACLITE-2 (Sheldon Manufacturing, Cornelius, OR, USA) for \<0.02% O~2~ hypoxic conditions or in the multi-gas CO~2~ incubator (Panasonic, Japan) for 3% O~2~ hypoxic conditions.

Plasmids
--------

To construct pcDNA4A/CLuc, which constitutively expresses the CLuc protein, the CLuc coding sequence was prepared from pCL-sv (Atto corp. Tokyo, Japan) and inserted into a unique EcoRI site of pcDNA4/myc-his A (Invitrogen). The plasmid p5HRE-Luc, which expresses firefly luciferase under the control of the HIF-1-dependent 5HRE promoter, was constructed as described previously[@b23].

Stable transfectants
--------------------

EMT6 cells were transfected with pcDNA4A/CLuc (for EMT6/CMVp-CLuc cells) or both pcDNA4A/CLuc and p5HRE-Luc (for EMT6/CMVp-CLuc/5HREp-FLuc). Cells were then cultured for 10--14 days in culture medium containing the corresponding antibiotic to select antibiotic-resistant stable transfectants. The resultant colonies were isolated and established as clones. Representative clones showing the expected and reasonable activities were used in the present study.

Firefly Luc assay and CLuc assay *in vitro*
-------------------------------------------

Regarding the firefly luciferase assay, a cell suspension was harvested with the Passive Lysis Buffer (Promoga) and subjected to the luciferase assay kit (Promoga) according to the manufacturer\'s instructions. Regarding the Cluc assay *in vitro*, 10 μL culture medium was harvested and directly subjected to the CLuc assay kit (Atto Corp, Tokyo, Japan) according to the manufacturer\'s instructions. The absolute firefly luciferase activity and CLuc activity were normalized to the number of cells counted just after harvesting.

Western blot analysis
---------------------

To detect protein carbonyl in culture cells as the typical markers of oxidative stress[@b24], cell lysates harvested in Cell Lytic Buffer (Sigma Aldrich) were treated with 2,4-dinitrophenylhydrazine and subjected to Western blotting using the anti-dinitrophenol rabbit polyclonal antibody (Cosmo Bio, Co. Ltd, Tokyo, Japan) and anti-β-actin antibody (BioVision Research Products) according to the manufacturer\'s instructions.

Ethics of animal experiments
----------------------------

All animal experiments were approved by the Animal Research Committee of Kyoto University, and performed according to guidelines governing animal care in Japan.

*In vivo* experiments
---------------------

Cancer cell suspensions (1 × 10^6^ cells/mouse) were subcutaneously transplanted into the right hind leg of athymic nude mice for the subcutaneous tumor xenograft. The tumor volume was calculated as 0.5 × length × width^2^. Cancer cell suspensions (1 × 10^6^ cells/mouse) were intravenously transplanted into athymic nude mice for a mouse model of pulmonary metastases. To monitor HIF-1 activity in pulmonary metastasis, the model mice of pulmonary metastasis were subjected to the IVIS Spectrum *in vivo* imaging system (Caliper) as described previously[@b19][@b20][@b21][@b23][@b33][@b34]. Regarding the *in vivo* CLuc assay, 10 μL serum was harvested from the model mice of pulmonary metastasis and subjected to the CLuc assay kit according to the manufacturer\'s instructions (Atto Corp). HIF-1 activity in lung metastases was divided by CLuc activity in the serum to calculate HIF-1 activity per unit of metastatic lung tumors. Tumor-bearing mice were treated with saline (-), NAC (1,000 mg/kg/administration, 2 injections/day from 1 to 6 days after the i.v. transplantation of cancer cell), or YC-1 (30 mg/kg daily from 3 to 6 days after the i.v. transplantation of cancer cells).

Immunohistochemical analyses
----------------------------

To simultaneously detect pimonidazole and CD31, the hypoxia marker, pimonidazole was injected i.p. (60 mg/kg body weight) 90 min before mice were sacrificed. Lungs with metastatic tumors were surgically excised and their frozen sections were stained with the FITC-conjugated anti-pimonidazole antibody (Hypoxyprobe, Inc.) for hypoxia (green), with a combination of the anti-mouse CD31 rat monoclonal antibody (BD Bioscience) and Alexa Fluor 594 goat anti-rat IgG (Invitrogen) for CD31 (red), and with Hoechst33342 for counter staining (blue), as described previously[@b19][@b20][@b33][@b35][@b36]. To detect oxidative stress as protein carbonyls, methacarn-fixed paraffin-embedded sections were stained with a combination of the Protein Carbonyls Immunohistochemical Staining Kit (Cosmo Bio Co., LTD.) and Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) to detect ROS according to the manufacturer\'s instructions. To detect phospho-p38 as a marker of the cellular response to oxidative stress, formalin-fixed paraffin-embedded sections were stained with the anti-mouse phospho-p38^MAPK^ antibody (Cell Signaling Technology, Tokyo, Japan) according to the manufacturer\'s instructions. To simultaneously detect LDHA and p-PDH-E1α, frozen sections of lungs with metastatic tumors were stained with a combination of the anti-mouse LDHA goat polyclonal antibody (Santa Cruz Biotechnology, Inc.) and Alexa Fluor 488 donkey anti-goat IgG (Invitrogen), with a combination of the anti-phosphorylated form of the PDH-E1α (p-PDH-E1α) rabbit polyclonal antibody (Novus) and Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen).
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![Transient upregulation of HIF-1 activity during the metastatic colonization of cancers in the lungs.\
(a,b) Twenty-four hours after seeding EMT6 (a) and EMT6/CMVp-CLuc (a,b) cells (1 × 10^4^ cells in 100 μL culture medium per one well of a 24-well plate), 10 μL culture medium was subjected to the CLuc assay. Means ± *s.d*. n = 3. \*\**P* \< 0.01. (c,d) After the subcutaneous transplantation of EMT6/CMVp-CLuc cells, tumor growth and CLuc activity in the serum were monitored by measuring the tumor volume with calipers (c) and by performing the *in vivo* CLuc assay (d), respectively. Means ± *s.d*. n = 10. (e) Positive correlation between CLuc activity in the serum and the volume of subcutaneous tumor xenografts measured with calipers. (f) The relationship between CLuc activity in the serum and the number of metastatic colonies in the lungs was analyzed in 20 independent mice 10 days after the i.v. transplantation of EMT6/CMVp-CLuc cells. (g) EMT6/CMVp-CLuc/5HREp-FLuc cells (1 × 10^4^ cells/well in 24-well plate) were cultured under normoxic (20% O~2~) or hypoxic (0.02% O~2~) conditions for 24 hours and harvested for the *firefly* luciferase assay. Means ± *s.d*. n = 3. \*\**P* \< 0.01. (h) On the indicated days after the i.v. transplantation of EMT6/CMVp-CLuc/5HREp-FLuc cells (1 × 10^6^/mouse), mice were subjected to optical *in vivo* imaging using the IVIS SPECTRUM system to externally monitor HIF-1 activity in metastatic lung tumors as FLuc bioluminescence (*See* [Supplementary Fig. S4a](#s1){ref-type="supplementary-material"}). Ten μL of serum was simultaneously harvested from mice and subjected to the *in vivo* CLuc assay to monitor the volume of metastatic tumors (*See* [Supplementary Fig. S4b](#s1){ref-type="supplementary-material"}). HIF-1 activity in lung metastases was divided by CLuc activity in the serum to calculate HIF-1 activity per unit of metastatic lung tumors. Means ± *s.d*. n = 10. \**P* \< 0.05.](srep03793-f1){#f1}

![ROS-mediated transient activation of HIF-1 during the metastatic colonization of cancers in the lungs.\
(a) Tumor hypoxia (pimonidazole; green) and CD31 (red) were detected on the indicated days after the i.v. transplantation of EMT6/CMVp-CLuc/5HREp-FLuc cells in the lungs with the resultant metastatic tumors (dotted line). Hoechst33342 = counter staining (blue). Bar = 50 μm. (b) On the indicated days after the i.v. transplantation of cancers, oxidative stress in methacarn-fixed paraffin-embedded sections (upper) and formalin-fixed paraffin-embedded sections (lower) of the lungs with the resultant metastatic tumors were detected by the Protein Carbonyls Immunohistochemical Staining Kit (upper) and anti-phospho-p38 antibody (lower), respectively. Bar = 500 μm (upper) and 20 μm (lower). (c--e) EMT6/CMVp-CLuc/5HREp-FLuc cells were cultured with (+) or without (−) N-acetylcysteine (NAC) under 3% oxygen conditions for 24 hours or under 3% oxygen conditions for 18 hours followed by 15% oxygen conditions for 6 hours, and were then treated with the ROS marker, DCFH-DA, for flow cytometric analysis (c), subjected to Western blotting for protein carbonyls as the markers of oxidative stress (upper) and for β-actin (lower) (d), and subjected to the *firefly* luciferase assay for HIF-1 activity (e). A representative data set from 3 independent experiments is shown (c). Means ± *s.d*, n = 3, \*\**P* \< 0.01 (e). (f--h) Athymic nude mice were i.v. transplanted with a suspension of EMT6/CMVp-CLuc/5HREp-FLuc cells (1 × 10^6^/mouse) and treated with NAC (1,000 mg/kg) or saline (control) twice a day from 1 to 5 days after the transplantation. Six days after the transplantation, mice were subjected to the *in vivo* CLuc assay in the serum for tumor volume (f) and to the optical *in vivo* imaging experiment for HIF-1 activity (g). HIF-1 activity in lung metastases was divided by the CLuc activity in the serum to calculate HIF-1 activity per unit of metastatic lung tumors (h). Means ± *s.d*. n = 10. \**P* \< 0.05. \*\**P* \< 0.01. NS = not significant.](srep03793-f2){#f2}

![HIF-1-mediated metabolic reprogramming during the metastatic colonization of cancers in the lungs.\
(a) Athymic nude mice were i.v. transplanted with a suspension of the stable transfectant, EMT6/CMVp-Cluc/5HREp-Luc (1 × 10^6^/mouse). Tumor-bearing mice were treated with saline (-), NAC (1,000 mg/kg/administration, 2 injections/day from days 1 to 6), or YC-1 (30 mg/kg daily from days 3 to 6). On the indicated days after the i.v. transplantation, LDHA (green) and p-PDH-E1α (red) were detected in the lungs with the resultant metastatic tumors (dotted line). Hoechst33342 = counter staining (blue). Bar = 50 μm. (b--d) Athymic nude mice were i.v. transplanted with a suspension of EMT6/CMVp-CLuc/5HREp-FLuc cells, and treated with or without the HIF-1 inhibitor, YC-1 (30 mg/kg daily) from 3 to 6 days after the transplantation of cancer cells. Six days after the transplantation, mice were subjected to the *in vivo* CLuc assay for tumor volume (b) and to the optical *in vivo* imaging experiment for HIF-1 activity (c). HIF-1 activity in lung metastases was divided by CLuc activity in the serum to calculate HIF-1 activity per unit of metastatic lung tumors (d). Means ± *s.d*. n = 10. \**P* \< 0.05. \*\**P* \< 0.01. NS = not significant.](srep03793-f3){#f3}

![HIF-1-mediated metabolic reprogramming reduced ROS levels and increased the survival of metastatic cancers.\
Athymic nude mice were i.v. transplanted with a suspension of the stable transfectant, EMT6/CMVp-CLuc/5HREp-FLuc cells (1 × 10^6^/mouse), and treated with or without the HIF-1 inhibitor, YC-1 (30 mg/kg daily) from 3 to 6 days after the transplantation of cancer cells. (a) Lungs with the resultant metastatic tumors were surgically excised 7 days after the transplantation, which was 1 day after the peak in HIF-1 activity and ROS levels (*See* [Fig. 1h](#f1){ref-type="fig"},[2b](#f2){ref-type="fig"}), and ROS was detected in methacarn-fixed paraffin-embedded sections (upper) and formalin-fixed paraffin-embedded sections (lower) by the Protein Carbonyls Immunohistochemical Staining Kit and anti-phospho-p38 antibody, respectively. Bar = 500 μm (upper) and 20 μm (lower). (b) Ten days after the transplantation, mice were subjected to the *in vivo* CLuc assay in the serum for tumor volume. (c) Lungs with the resultant metastatic tumors were surgically excised 10 days after the transplantation, treated with Bouin\'s solution, and the number of colonies was externally counted. Means ± *s.d*. n = 10. \**P* \< 0.05. (d) Representative images of the lungs are shown.](srep03793-f4){#f4}
